Functional materials have properties that are sensitive to their environment, such as the external pressure, temperature, or magnetic/electric field. Such materials are desirable for a spectrum of applications and thin films are of interest both because the form is technologically useful and they afford the ability to tune further the functional properties. Among the diverse functional properties, thermoelectricity (the property of a material that converts heat into electricity (and vice versa) through Peltier and Seebeck effects) is of interest because it can be used for refrigeration, cooling microelectronic devices, and providing an energy source from waste heat, and the nano-/micro-structural features that improve properties are controllable using thin film methods.
[1]
The quality of thermoelectric materials is quantified by the unit less figure of merit ZT, which is calculated via Eq. 1, where T, S, ρ, and κ are temperature, thermoelectric power (or Seebeck coefficient), electrical resistivity, and thermal conductivity, respectively. Thus, good thermoelectric materials should have a high Seebeck coefficient, a low resistivity, and a low thermal conductivity:
For thermoelectric applications, it is consequently required to engineer material exhibiting low electric resistivity as well as thermal conductivity. The electron contribution to the thermal conductivity is proportional to electrical conductivity. Consequently, in most of the materials, a high thermal conductivity is often associated with a high electrical conductivity.
In order to enhance thermoelectric figure of merit in such materials, it is necessary to reduce the phonon contribution to the thermal conductivity. A possible way to achieve this, is to increase the phonon scattering at grain boundaries or internal interfaces. Due to the anisotropic nature of Ca 3 Co 4 O 9 , both grain size and grain orientation (i.e., texture) must be controlled to tailor thermoelectric properties. [5] There are several ways to process ceramics that afford control over microstructure and texture relevant to given applications. [6] Spark Plasma Sintering (SPS) is an emerging processing technique that can be used to densify fully different kinds of materials. SPS process is a pressure-assisted pulsed current sintering process in which densification is highly promoted at lower temperatures over conventional processes. SPS usually leads to a highly dense ceramic with fine control of grain structures. [7] Lamellar ceramics have been processed using SPS and they had much enhanced thermoelectric properties due to texture developed in the SPS process. [8, 9] Thin film processing methods also can be used to fabricate dense, textured, layered compounds, and they provide control over other microstructural features, such as grain size.
It has already been suggested that improved thermoelectric properties could be achieved in When the grains of polycrystalline Al 2 O 3 , whose size is carefully controlled, act as seeds for localized epitaxial growth, one expects a large range of orientations, and these must be characterized with local structural probes. Here we use electron backscatter diffraction (EBSD) as the local probe, similar to the recent reports. [13, 14] The coalescence of the films is also expected to be different on polycrystalline ceramics than on single crystal substrates, and may depend on growth conditions and substrate parameters. Finally, the deposition of layered films having local epitaxial registry on simple polycrystalline substrates will not only allow the engineering in thermoelectric films, it also opens the path to grow complex films with enhanced electronic properties.
Undoped commercially-available α-Al 2 O 3 (ALO) powders were sintered using Spark Plasma Sintering (SPS), as describe elsewhere. [16] Briefly, an appropriate amount of powder was pressed under 100 MPa at 1700
• C.(see note below) The crystalline phase was confirmed to be corundum using conventional x-ray diffraction. The sintered samples were polished successively up to a 3-4 nm roughness for EBSD characterization and subsequent film growth.
They were: mechanically polished down to 10 µm roughness, then, polished with diamond paste of 3 µm and 1 µm, respectively, for about 2 minutes, resulting in a mirror-like surface. Finally, the polished surface was etched in 5 % HF:HNO 3 solution to remove surface contaminants and release strain due to polishing. [17] The deposition of the Ca 3 Co 4 O 9 (CCO) films was performed at 650 were investigated by transmission electron microscopy (TEM). A typical high-resolution TEM image of a grain boundary is shown in Figure 1d . The two grain are highly crystalline and the boundary is sharp and well-defined.
After PLD growth of the Ca 3 Co 4 O 9 film, similar analyses were carried out on the surface of the film. EBSD patterns from the grains marked as G1, G2, and G3 in Figure 1a are shown in Figure 2 , both from the substrate before deposition (Figure 2a ,c,e) and the film after deposition (Figure 2b,d,f) . Clear contrast in the EBSD patterns are observed for all cases, though the patterns are slightly more diffuse for the film (as reported previously), [13, 14] arising from internal strains in the film introduced by the epitaxial growth on the underlying grain. [18] It should be noted that several film patterns were registered for each grain, and the patterns were similar as long as they were on the same underlying substrate grain. Using the automated procedure, the orientation of grains 1, 2, and 3 of would be a superposition of those of two subsystems and difficult to be interpreted. [20] For this reason, we adopted simple monoclinic lattice parameters (a=4.834 Å, b=4.558
Åand c=10.844 Åand α, β, γ = 90, 98.141, 90
• , respectively) for the analysis. Note that the b 2 parameter for the rock salt-type sub-system was used as b axis length, as suggested previously. [20] The Kikuchi images can be indexed for the film, and confirmed that the and misalignment of the sample during the two measurements, as observed previously. [14] Essentially, this argues that local texture develops in our samples not as a preference of the c-axis to orient itself normal to the growth direction, as observed previously, [11] but owing to a preference of the epitaxial arrangement of the two crystal lattices upon one another during growth-regardless of the absolute orientation of the grain. This is similar to what has been observed for TiO 2 growth on perovskite BiFeO 3 , another case of non-isostructural epitaxial growth on high-miller index plane polycrystalline surfaces. [13, 14] The current case of Ca 3 Co 4 O 9 growth is of special interest because the crystal structure is much more complex than anatase and rutile TiO 2 , yet the local epitaxial growth is maintained on high-index surfaces. or (100)-silicon, where the presence of both secondary phases and low-crystallinity structures at the interface were reported. [24] [25] [26] In our present study, the absence of an amorphous layer close to the interface clearly confirmed the good texture and the epitaxial nature of the Ca 3 Co 4 O 9 thin film with respect to each grain, and will be discussed hereafter with respect to the thermoelectric properties. It should be clear that the Ca 3 Co 4 O 9 epitaxial film growth was achieved without the classical substrate-induced epitaxy arising from interactions with lowindex surfaces of single-crystal substrates, which is very different that previous reports. [15, 23] The temperature-dependence of the Seebeck coefficient and the resistivity are shown on follows a steep increase of S at low temperature (which can not be observed here due to the large value of resistivity). However, the value of S (close to 170µV/K at 300 K) is slightly larger than for the bulk crystals (120 µV/K), [4] leading to a power factor, S 2 /ρ, calculated to be 0.025 mWm
, a value similar to previous thin films also made by laser ablation but deposited on single crystals: 0.05 mWm
[11] and 0.03 mWm
. [15] These power factors are smaller that the highest power factor reported for bulk samples, which are 0.5 mWm
. [30] In bulk misfits, an increase of Seebeck coefficient, associated to a more localized behaviour has also been observed. It can be due to a reduction of Co 4+ content, which can be in fact induced by oxygen non-stoichiometry and/or a modification of the misfit ratio b1/b2. A relatively large enhancement of the Seebeck coefficient reaching 9 178 µV/K at 300 K has also been observed in bulk Ca 3 Co 4 O 9 samples when prepared using high magnetic field sintering compared with conventional sintering and SPS techniques, and attribute to a better control of the oxygen non-stoichiometry. [28] In the case of thin films, while oxygen content is definitively crucial, [29] substrate-induced strain can also be an important issue for the thermopower datas. [23] A detailed investigation of the interplay between the substrate and the film which shows values larger than 125 µV/K, has also been reported using different kinds of substrates, but most of the films present not only defects at interface but also CoO 2 stacking faults. [23] Here, the structured films do not present amorphous layer at the interface, and the number of stacking faults is small, which confirms their structural quality, and the local epitaxy. Hall effect measurements performed at 300 K on films prepared under similar conditions display a carrier density of 10
suggesting that the enhancement of Seebeck coefficient is mostly due to this small carrier concentration, in agreement with our resistivity values.
In conclusion, high-throughput synthesis of Ca 3 Co 4 O 9 thin films was realized on textured 
